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ABSTXACT 


Th« r«porc dMcrlb«a a study dsslgnsd to dstsrains ths affects of 
rapatitiva thenal cycling on the traparatura-tharaal dafomatlen rela- 
tion of gcaphitc-polylaide. The beading and axial strains, naasured 
with strain gages, of unsysnstric { 02 / 902 ] and [0^/90^) laainates wars 
used as an indication of thsmal dsforaatlon. Ths strains were acasursd 
as a function of tsaperature and two tmperature ranges were used, room 
taaperature to 180*C and rooa teapsraturs to 315*C. Five cycles were 
run ^ each taaperature range and the cycling was done In quasl-statlc 
fashion. The response of a flat [Og] laalnate was Mssured as were the 
effects of rspetitlve cycling on the strain gagas theaselves. A piece- 
wise linear theory, based on classical laalnatlon theory and using the 
variation of aechanlcal and theraal expansion properties with teaperature, 
wes. compared with the experiaental results. Because of difficulties 
vlth the strain gaging at the higher temperatures, the results for the 
rooa teaperature to 315*C cycling were not as conclusive as the results 
for the room teaperature to 180*C tests. From the low temperature range 
cycling data it can be concluded (1) , there was a hysteresis-llke effect 
in the tenperacure-cberaal deforaatlon relation for one cycle, (2), 
there was no detectable difference in the tenperature-themal deforaatlon 
relation from one cycle to the next and finally, (3), the predictions 
for the response of the thicker laalnate agreed with experiaental obser- 
vation. The correlation between theoretical predictions and experimen- 
tal results for the thinner laalnate was poor. 
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Introduction 

Slnen grnphitn fibnr rolnfercod anttrlnlt havo rttultod in ntruc- 
tural •fflcinnelns far graatar than afflclanclaa achlavad with conven- 
tional tiMtfganaoua Batarlals, thara has baan an effort to develop thaaa 
BMtarlala for use at alavatad traparaturas. For nonaatal-ouitrlx coopoa- 
Itaa, this haa required the davalopaant of raalns which retain thalr 
atrmgth at alavatad taaparaturaa. Substantial progress has baan nads 
in this effort with polyiaida raalns. Coaparad to the aarllar flrst- 
ganaratlon apoxy-aatrlx coaposltas, thara has bran a rsaarkabls Incrsasa 
In strength retention at alavatad taaparaturaa for composites i^lch use 
polyiaida resins. 

As with any structure Intended for high taaparatura operation, 
generally speaking, tha structure will not operate at elevated ceapera- 
tures continuously. It Is more likely the operating temperature will 
fluctuate with time. The temperature may start at some low value, 
Increase to some aMiaua value, hold at that temperature for a period of 
time and then perhaps return to the low temperature again. In short, 
the structure will be subjected to soma sort of thermal cycle. For 
exuple, during one flight, the aftbody flap on the shuttle orblter 
experiences temperatures ranging from -1S7*C to * 315*C. Craphlte- 
polyimide honeycosb panels are being considered as a replacement for the 
current aluminum design of the flap. Thus the question of thenaal 
cycling Is pertinent In this liT; tatlon. In eddltlon, since each orblter 
Is expected to be used for 125 missions, the question of repeated ther- 
mal cycling becomes important. In other applications, fiber reinforced 
materials may be used for large orbiting space structures (ref. 1) and 
In that case, tha structure could see cyclic heating and cooling as the 
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orbit earrioi cho •cructur* ropoatodly from cho cold of cho «arth*o 
shadow CO Cha hast of cha diracc oun. In aircraft, chars ara nuaaroua 
potaoclal applications in which a scruecural coaponanc would ascparianca 
rapaciclva haatini and cooling, aa for axaapla, in an angina. With cha 
autonotiva industry invastigating cha usa of fibar-rainf oread conposica 
natariala for radueing fual couauaption, cha quascion of rapaaced haaclng 
and cooling cartalnly will ba aa isaua. 

It aaaaa worthwhila, tharafora, to study tha bahavlor of fibar-rainforcad 
cooipoaica oacarials, and tha structuras fabrlcatad fron chan, ^an chay 
ara subjaccad to rapaciclva hasting and cooling. Thara ara oany f scats 
of cha problaa to ba connidarad, both aatarial and structural. Hewavar, 
this raporc suaaMrizas cha rasults of a study triilch had as a prlaary goal 
Cha dacarainatlon of Cha affacts of thamal cycling on tha taaparatura- 
chamal daformation charactaristics of flat and curvad graphite -polyiaida 
laainacas. . 

Scopa of cha Study 

As is wall known, fibar rainforcsd natarials hava tharmal expansion 
proparcias dapandant on tha diraction of cha fibers. For a lamina, the 
coafficianC of thermal expansion (CTE) in cha matrix direction is approxi- 
mately 30 X lO'^/'C while in tha fibar direction, cha CTE can ba slightly 
nagativa, taro or slightly poslclva, depending on cha volume fraction of 
fibers. Because of these proparcias, substantial internal strassas ara 
ganaratad in a laminata whan it is cooled from Its curing temperature. 

Fron this view point, cha diffaranca in CTE in cha fibar and matrix 
diroctions is undaslrabla. However, this dirzerenca can be used to 
advantage to design natarials with a specific CTE (ref. 2). As the 
temperature of a fiber reinforced material is changed, the internal 
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strM«M chAngtt. If the cemparAtur* change is drastic enough* Internal 
failures* In the fon of nlcrocracklng* occur and the oechanlcal and 
thermal expansion properties of the laminate will change. Thus* as a 
laminate Is repeatedly heated and cooled* its properties may change con- 
tinuously from one cycle to the next. In addition* since thermal 
cycling* In a precisely controlled fashion, is an Integral part of the 
fabrication process for epoxy-matrix materials* further thermal cycling 
could act as additional post-curing and alter the mechanical behavior of 
the material. As a structure Is repeatedly heated and cooled, the 
question arises as to whether the changes in material properties are 
reflected in changes in the load-deformation behavior from one cycle to 
the next. More importantly the question arises as to whether these 
changes be detected by methods commonly used to measure structural 
response. The study reported on here addressed these issues and in 
particular examined the changes in the deformation characteristics from 
cycle to cycle in the absence of mechanical loads. Thus the study 
considered only thermally- Induced deformations. Since internal stresses 
affect the deformation* the results can be used indirectly to study 
changes in internal stresses from one cycle to the next. 

To assess the effects of thermal cycling, unsymmetrlc laminates 
were fabricated and the change in curvature as a function of temperature 
was used as a measure of thermal deformation. This configuration was 
chosen since it is particularly sensitive to both elastic and thermal 
expansion properties. In addition, several unidirectional laminates 
were fabricated to determine the mechanical and thermal expansion pro- 
perties of a single lamina. The specimens were placed in an oven at 
room temperature (RT) , heated to an elevated temperature and then cooled 
to RT. The temperature and deformation were recorded as a function of 
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tin* during thn banting and cooling. Tha basic quaations to ba answered 
ware: (1) Was tha thermal daformatioa at a given teiqparature dependent 

on tha numbar of thermal cycles? (2) Was the thermal deformation at a 
given temperature dependent on whether the specimen was being heated or 
cooled? and, (3) Using properties of a single lamina, could simple 
laadnation theory be used to predict the thermal deformation of the un- 
synmetric lay-ups? This report briefly describes the specimens, the 
experimental set-up and procedure, but is Intended primarily to present 
the experimental data and the comparison with theory. The experimental 
data is presented in both raw data and least-squares polynomial reduced 
form. The coefficients of the least-squares polynomial are presented so 
other Investigators nay more conveniently compare their theories or ex- 
perimental results with the results observed in this study. The raw 
data presentations and the statistical curve fitting for the report were 
done with the aid of the computer program described in ref. 3. 

Specimen Description 

The specimens used in the experiment were sized to fit into exist- 
ing oven facilities and were roughly 130 mm long, 25 mm wide (6 inches x 
1 inch) and a variable number of layers in thickness. The specimens 
were fabricated from HTS/PMR-15 in the following lay-ups: [O 3 I ♦ , 

l(+45'/-45*)2lg,.t0*/90“], I0*/90^] and (0“/90“]. The first three 
laminates were used to determine the material properties of a single 
lamina and the last three resulted in curved specimens. Unfortunately 
the last specimen was inadvertently broken before any testa were con- 
ducted with it but it is Interesting to note that such a thick unsym- 
metric laminate was fabricated. Actually the specimens were cut from 
large laminates which were C-scanned to determine an area of high quality. 
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Figur* 1 shows ths curved spscimens end Fig. 2 shows ths RT out-of- 
plsns displscsBsnts for the 4-lsysr and 8-lsysr curved specimens. These 
dlsplecements were meesured with e linear differential variable trans- 
former (U)VT). The LDVT was oriented perpendicular to the specimen and 
the specimens were moved lengthwise with the transformer core following 
the contour of the curved specimen. The data shown la the average of 
several measurements on both sides of the specimens. Least-squares 
cublcs passed through the data Indicate the curvature was not constant 
along the length. The radii of curvature, calculated at the center of 
each specimen, were: 440 mm (17.3 in) for the 4-layer specimen and 470 

mm (18.5 In) for the 8- layer specimen. The RT radius of curvature of 
the thinner specimen was much larger than expected. Lamination theory 
predicts the thinner laminate should have had a radius of curvature half 
that of the thicker laminate. This was not the case and this discrep- 
ancy was indicative of the behavior of the 4-layer specimen throughout 
the testing. The least-squares cubic expressions for the RT out-of-plane 
displacements, as a function of distance measured from mid-span of the 
specimens, are given In Table 1. The average thickness of the 8-layer 
specimen was 1.46 mm (0.0575 in.) while the 4-layer specimen averaged 
0.870 mm (0.0323 In.) In thickness. 

Tensile tests on the [0|], (90g] and [ (+45"/-45*)2lg laminates 
Indicated the RT mechanical properties to be: 

- 137.4 MPa (19.93 x 10^ psi) 

• -3703 

hz " (1.312 X 10^ psi) 

- ^*281 MPa (.6208 x 10^ psi) 
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ExpTlanta 1 Sftt-Up 

Two temperature ranges were used to thermally cycle the specimens. 
The first ranga was from RT to 180*C (356*F) and the second range was 
from RT to 315*C (600*F). Two temperature ranges were used to determine 
what effect the maximum tanq^erature of the cycle had on the repeated 
cycling. The lower temperature cycling was done using a natural con- 
vection oven while the higher temperature ranga cycles were conducted in 
a fan-forced convection oven. The original scheme was to measure the 
change in the out-of -plane displacements of the specimens with LDVT's. 
The LDVT's were mounted outside the oven and were fitted with core 
extensions, the extensions passing through specially drilled holes in 
Che oven door window. In order to have the core extensions remain In 
constant contact with Che specimens, a light spring was required. The 
force from the spring, small as it was, was enough to cause deformations 
in the thinner laminate. Thus the LDVT's were abandoned in favor of ■ 
strain gages. Four back-to-back pairs, spaced at equal intervals along 
Che length, were used on the 8- layer specimen while two back-to-back 
pairs were used on the 4-layer specimen. On the flat [Og] specimen, one 
back-to-back pair was used In the fiber direction and one back-to-back 
pair was used In the matrix direction. With this arrangement on the 
flat specimen, the longitudinal and transverse thermal strain of an un- 
loaded lamina could be measured. The gages used were Micro-Measurements 
type WK-12SUU-350 and they were bonded to the specimens with a Baldwln- 
Llma-Hamllton polylmlde adhesive. The bonding technique required an 
elevated temperature cure with the maximum cure temperature at least as 
high as the temperature of the thermal cycle. Thus, before cycling, the 
test specimens had been exposed to one thermal cycle. 
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To account for the apparent atrain of the gages due to thermal 
effects on the gage material, two identical gages were mounted on a 
piece of titanium silicate and placed in the oven alongside the par- 
ticular graphite-polyimlde specimens being tested. Titanium silicate is 
a near-sero CTE material which is very stable in the temperature ranges 
used in the experiment. Since the thermal expansion of the titanium 
silicate was known, the effect of temperature on the gage output could 
be determined. The output of the gages on the graphite-polyimlde speci- 
mens was adjusted using the output of the gages on the titanium silicate 
and the true strain response of the graphite-polyimide test specimens 
could then be determined as a function of temperature. 

For the RT to 180*C teats, the specimens were positioned in the 
oven by mounting them on a vertical post. The post was a 9.525 mm (.375 
in.) diameter steel dowel and the specimens were attached by a single 
number 10 bolt going through a hole in the center of the specimen and 
the steel post. The specimen was supported from the steel rod by using 
fiber-type washers between the post and the specimen. The vertical post 
was in turn mounted on a tripod base. Figure 3 Illustrates the stand. 
With this arrangement the specimens were located in the central portion 
of the oven, a region with very low temperature gradients. For the 
higher temperature range tests, the specimens were supported by knife 
edges at each end, using gravity to hold the specimens against the knife 
edges. The specimens were in the central portion of the oven and were 
completely free of axial restraint. The temperatures of the specimen and 
the titanium silicate were measured with thermocouples held against the 
specimens with polylmlde tape. Owing to the quasi-static, and often 
times static, nature of the cycling process, there was never a question 
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of « nonoquilibrlua cemporaturo stata. Tha maximum heatlng/coollng rata 
was 42*C/hr (107*F/hr) for tha RT-180*C tasti and 65*C par hour (150*F/ 
hr.) for tha RT-315*C taats. All data was racordad by hand. At a given 
tamparature, before tha strain and temperature were racordad, tha temper- 
ature was allowed to stabilize except for the usual dithering of the 
digital readouts. The strain gages were each wired Into a 4-arm bridge 
using four Identical gages and were excited with 6 volts d.c. by a Fluke 
Hodel 382A Voltage /Current Calibrator. The bridge voltages were measured 
with a Data Precision Model 3500 Digital Microvoltmeter and the thermo- 
couples were monitored by a Fluke Model 2100A Digital Thermocouple. 

Experimental Results 

There was a considerable amo\mt of data generated from the experi- 
mentation and for purposes of presentation, the results are presented In 
several subsections. 

Room Temperature to 180*C Cycle Results 
Response of Gages on Titanium Silicate 

Perhaps the most important consideration was the effect of repeated 
heating and cooling on the strain gages themselves. These effects were 
assessed by examining the output of the gages on the titanium silicate. 

The [Og], the [O 2 / 9 O 2 ] and the [0^/90^] laminates were each cycled 
seperately for five cycles In the lower temperature range. The same 
piece of titanium silicate, and the gages on It, was used for all 15 
cycles. Figures 4 through 18 show the apparent strain, based on the 
output of the gages on the titanium silicate, for the 15 cycles. The 
data shown Is the average of the two gages and the heating and cooling 
response Is noted in the figures. Each cycle Is plotted on a separate 
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figure CO avoid clutter and to indicate the minimal amount of scatter 
observed during a particular cycle. For most of the cycles, the appar- 
ent strains during heating were of slightly less magnitude than the 
apparent strains observed during cooling. For testing in the higher 
temperature range, the opposite trend occurred. Drift tests on the 
instrumentation revealed no particular drift problems and so the differ- 
ences in the heating and cooling cycles are attributed to a small amount 
of hysteresis in the gage and/or the adhesive. The strain data was well 
represented by the third-order least-squares polynomials shown on the 
figures. Figure 19 shows all Che polynomials on a common coordinate 
system. Cycles 1-5 refer to the cycling of the 8- layer [0^/90^] curved 
laminate, cycles 6-10 refer to the cycling of the [Og] flat laminate and 
cycles 11-15 refer to the cycling of the 4-layer [O 2 / 9 O 2 ] curved laminate. 
It was felt the gages might slowly change character from cycle to cycle, 
showing ever increasing or ever decreasing strain at a given temperature. 
This was not observed as evidenced by the mixed order of the cycling 
curves on Fig. 19. The scatter of the least-squares strains among the 
15 cycles at 180*C was less than 4X of the average strain value at that 
temperature. The gages appeared quite stable and reliable in the RT to 
180* C temperature range. Table 2 indicates the coefficients of the 
least-squares cubics for each of the 15 cycles. 

Flat [Og] Laminate 

Figures 20-24 show the raw data for the 5 cycles of thermal expan- 
sion in the matrix direction for the [Og] laminate. Again, to avoid 
clutter and to Indicate the character of the heating and cooling portion 
of each thermal cycle, the raw data for each cycle is presented on a 
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••parat* flgura. Tha data praaantad la an avaraga of tha two back-to- 
back gagaa in tha matrix diraction. Inmadiataly noticaabla was tha 
hystaraais-lika affact in tha tamparatura-atrain ralations, a trand 
which was obsarvad consiatantly in »ich of tha data from tha polyimida 
apaclBcns. This hystarasis was much graatar than that obsarvad in tha 
strain gagas on tha titanium silicata and thus was attributad to the 
graphita-polymida« Tha amount of hystarasis varied from cycle to cycle 
and it is not clear why there was such variation. However, from tha 
data, tha thermal strain in tha matrix diraction was always greater whan 
heating tha specimen than when cooling it. Shown in the figures are 
least-squares parabolas fitted to tha data. Since the hysteresis was 
not consistent from cycle to cycle and since tha theory used as a basis 
for comparison did not account for hystarasis, the least-squares curve 
computed was tha average of the heating and cooling data and thus 
naturally laid half-way between tha two portions of tha thermal cycle. 
Several polynomials fit tha data but a parabola seamed to be simple, fit 
the data wall and allowed for slight nonllnearltlas. Unless otherwise 
noted, all tha following least-squares ralations are parabolic. Table 3 
presents the coefficients of the parabolas for the five cycles while 
Fig. 25 shows the least-squares parabolas displayed on a common coordin- 
ate system. Because of the consistency, from cycle to cycle, in the 
response of tha gagas mounted on titanium silicate, any change in the 
matrix-direction strains from cycle to cycle would have been due to the 
graphita-polyifflide. However, the order of the 5 parabolas was mixed and 
there did not appear to be any trend. The spread of the least-squares 
data at 180*C was 3.3% of the average value at that temperature. 
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Fifur** 26-30 thov th« raw data for Cha thamal axpanalon In the 
fiber direction. Aa expected, the theraal atralne were quite Baall and 
becauae of the Influence of ucperlaental error, the leaat-aquarea 
scheoM waa laportant for Interpretation of thla data. Hysteresla waa 
alao present In the fiber direction. Figure 31 shows the least-squares 
parabolas for the five cycles of fiber-direction expansion. To put the 
results In context, the figure shows the least-squares theraal expansion 
strains (axial strains) and the least-squares theraally Induced bending 
strains (theoretically sero), for the fiber direction, plotted on the 
sane coordinate. It is apparent the theraal expansion of the fiber 
direction was being aeasured to a degree. It could be suggested that at 
each teaperature the bending strain data should have been taken as the 
zero reference for the axial strain. If the fiber distribution and the 
curing process were coapletely unlfora, the bending strain would have 

e 

been zero. However, there was nothing to suggest the above-indicated 
bending strains were not actual and so they were not used as a zero 
reference for the axial strains. Although there was no trend to the 
data from cycle to cycle, the spread was about 40Z of the average value 
and thus the data was not as reliable as the matrix direction strain 
data. Table A presents the coefficients of the least-squares parabolas 
for the fiber-direction thermal expansion data. 

Curved [ 0^/90^ J Laminate 

Ultimately the goal of most analyses involving composite materials 
is to use information from a micro- or mini-scale to predict the behavior 
on a macro-scale. For the case at hand, it was of Interest to use the 
properties of a single lamina to predict the response of the curved 
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la particular* tha goal vaa to pradict tha chaaga in shape 
of tha curved laalnata whan it was haatad and coolad. Bacausa tha 
propartlas of a laalna change with taa^aratura* any analysis bacoass 
■ora Involved chan analysis of the raaponsa, say, at a fixed caaparatura. 
Tha aachanlcal and charaal expansion propartlas era Influancad by caapar- 
atura and so the prediction problaa Is In soaa sense path-dapandant . 

Thus tha shape of the structure at, say, 180 *C can only be dataralned 
by starting tha analysis at RT and Chan allowing the propartlas to vary 
In soaa fashion as the analysis follows tha caaparatura increase froa 
RT. This requires a contlnuua of values for tha aachanlcal propartlas 
over the taaparature range of Interest. This Inforaatlon Is generally 
not available so the properties are generally assuaed to vary In soae 
aanner between known values at specific teaperatures . In what follows, 
in addition to presenting experiaental results froa testing the curved 

ft 

specimens, the predicted responses of the curved laalnates are presented. 
Tha pradictions are based on a piecewise linear theory which was nothing 
aore than classical laainatlon theory used In a tangent modulus approach. 
The theraal expansion properties of a single lamina as a function of 
temperature was taken from the results of a previous section. Infor- 
aatlon on the variation of mechanical properties with temperature Is 
quite limited and using Che results that were available. It was assumed 
did not vary with temperature and E 22 was reduced to 85% of Its RT 
value at 180*C. The character of the reduction with temperature was 
determined by fairing a curve through RT, 180*C, 232*C, 260”C and 31S*C 
data which was available. Tha fall-off In strength with temperature was 
allowed to occur In 10 equal Increments from RT to 180*C. Since Che 
elastic constants were based on no thermal cycling (act* 'lly one cycle 



CO roughly 100*C oinco cho otrala gagtt hod co bo inocollod to docomlno 
cho oloocic proporcloo), cho choorotlcol prodicciono ohould roolly only 
bo comporod with tho firoc chotaol cyclo. 

Figuros 32-36 ohow cho chocBolly Inducod bonding icrolno vo. coopor- 
ocuro for cho firoc fivo chomol cycloo ond Figs. 37-41 ohow cho chormolly 
Inducod oxiol acroln vo. co^>orocuro for chooo somo cycloo. Tho doco 
ohown is from ono poir of cho four bock-Co-bock polrs diocributod olong 
cho longCh of cho opoclmon. Tho doco from Cho ochor chroo gogo polrs 
wos proccically IdonClcol. Tho uniformlcy of cho doco olong cho longch 
of Che speclmon wos o possible indicocion chore wore no Isrgo dolamino- 
cions in cho speclmon. This wos on iaporconc considoroclon bocouso cho 
0*/90* loy-up produces severs incsrlsmlnor scrossos bocwoon Cho 0* end 
90* loyors. Figure 42 shows oil fivo oxporimonCol loosc-squoros bonding 
scroin-comporocuro roloclonships ond cho choroocicolly prodlccod rolo- 
Cion. Figure 43 shows slmllor rdsulcs for cho oxiol scroin. Tho 
oxporimonCol bonding scroin vs. camporoCuro rcloCion hod somo inlcisl 
curvoCuro buC of cor o comporocuro of 125*C, cho curves cendod co scraighcen 
ouc, Cks prod ccod rolocion being proccically s scrolghc line. Tho 
oxporimonCol oxiol scroin vs. comporocuro rolocion hod o conscsnc cur- 
vocure os did Cho choorocicol prodiccion. Excopc for o sllghc downward 
shifc. tho nonlinear axial scroin prodiccion followed cho oxporimonCol 
does rmnorkobly well. Ac 180*C, cho spread of Cho lease-squares bonding 
scroin values wore 8.2Z of Choir averogo value oc chac comporocuro while 
Cho oxiol scroins had a 6Z spread. Noichor sc>.oln noasuro appears Co 
hove had a crond from cyclo-co-cyclo. Table 5 prosoncs Cho coofflciencs 
for Cho loose-squares bonding scroin-comporocuro rolacionships while 
Table 6 prosoncs similar informacion for cho oxiol scroin daca. 


Curved [ 0 ^/ 902 ! L—indf 


14 


Becaua* of the unlforaity of tho bonding ond axial aeralna along 
cha langth of tha 8> layer curved ipaclsen, only evo baek-co-back gage 
paira were uaed on the 4-layer speclBen. They were placed at 1/3 the 
apeciaen length froa each end. Flgurea 44-48 ahow the experlaentctl 
themally induced bending atrain va. teaparature for the five cyclea 
while Figa. 49-53 ahow the «cperiaental axial atrain va. teaparature. 
Cyclea 4 and 5 aeeaeU quite different in that there appeared to be a large 
paraanent daforaation of the apeciaen aa it cooled to RT. Both atrain 
gage paira aounted an tha two locationa along the apeciaen indicated 
thla behavior. When coaparing the atrain gage outputa of the firat 
three cyclea with the output of the fourth cycle, it can be aeen the 
devtatioQ began on the 4th heating cycle at a teaparature of 135-140’C. 

In that teaperature range, the alope of the a train- teaparature relation 
a* 'idenly decreaaed. The heating portion of the curve up to that p^/int 
closely followed the three pravloua cyclea and, except for a vertical 
shift, the cooling portion of the curve had the same general shape as 
the three previous cycles. The phenoaenon was puzzling because when 
cycled later, at higher ceaperaturca , the phanoaenon disappeared and 
then reappeared again. When all testing was complete on the 8-laycr and 
4-layer apcclaena, the speclaens were cut, their cross-sections 
polished and examlfted under a aicroscope. There were four cross-sect lonal 
cufs, a. different points along the length of the speclaens, and there 
were no aajor differences In alcroatructure between the 4-layer and the 
8-layer apaclaana. There was some cracking. In the thickness direction, 
through the aatrix of both apeclaana. However, it was felt major delaa- 
Inations would be observed in the 4-layer apeciaen and this would account 
for the unexpected behavior of that apeciaen. This, however, was not 
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Ch« CAM. There la a poaaibillCT cha probtaa waa a raaulc of a anap- 
throufh in tha ahapa of cha laaiaaca. Thin (2-4 layara). unaysatrlc 
laalaaeaa art quite flaxlbla and, avan chough chay aay ba cue into long 
narrou acripa, duo co cha diaayaMCry of cha lay-up, chay actually have 
a double curvature or aaddla ahapa. Whan handling Cha apociaana uaad in 
chia and ocher axperiMnea, ic bacaaa thin unayaBocric laainacaa 

aaaa to have two RT aquilibriua ahapaa. One ahapa ia curved and cha 
ocher ahape ia flatcar. Either ahapa ia poaaible for the laadnaca and 
to change from one ahapa to the ocher raquirea a aiaple anap-chrough 
action. Ic ia cheorlaad the higher the cenparacura, cha closer cha cwo 
geoatecrlc acacaa. At cha curing caaparacura, cha cwo acacaa converge 
into a aingle, flac, acraaa-fraa configuraclon. Ic la falc cha apparanc 
change in alopa of cha axparlaancal camper acura-a era in ralacion could 
have bean due co cha laainaca auddanly canding coward cha ocher equilibrium 

poaicion. Unforcunacaly cha acrain gaga daca waa noc reduced uncll 

% 

after cha apacimen had been removed from cha oven and Chert waa noc a 

cloaa axaainaCion of cha apacimen upmi removal co parhapa obaerva whechar 

Chia anap-chrough had indeed occurred. 

Thia aiCuaClon waa further complicacad whan cha leaac-aquaraa 

acrain-eamparatura relaciona for cha five cyclea were compared wich Che 

chaorecical predict xo.'a. For cha [0*/90*] laainacaa. laminacion theory 

n n 

indlcaCaa Che charmaily lnd*’.ced curvature variaa invaraaly wich cha 
laainate chicknaaa while cha axial aCraln ia independent of chlcknaaa. 

The banding acraina at cha outer fibara ara ona-half the product of 
laainaca chickncaa and curvature. 4* a result, the thermally induced 
banding acraina ara alao indapandanc of cha laminate thickneaa. Thua 
Cha Chaorecical pradicciona for tha 4-layer and 8-layer curved laminacea 
ware identical. Figuraa 54 and 55 show cha leaac-aquaraa strain-cemparacure 
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ralAtloM for cho firoe flvo eyeloo and tho choorttlcol prodleciono. 

Tho flvo epeloa war* conalaeanc aod diffaranc than tha thaory. Tha 
daviacion aaong cjclaa waa dua to tha phanoaanon obaarvad 1a cyclaa four 
and fiv*! tha firat thraa cyclaa baing quit* cloa* to aach ownar. 
Obvioualyt com nachaniaa not accountad for in the thaory wa* praaant. 
Qualitativ* obaarvation of tha axial atraina Indieatad tha alopa of tha 
axparlaantal atrain-taxparatura ralacion avantually parallalad tha 
thaoratical alopa but diffarancaa in tha initial alopa cauaad aubatantlal 
diffarancaa batwaan tha xagnitudaa of tha obaarvad and pradictad atraina. 
At 180*C, tha apraad of tha laaat-aquaraa banding strain valua waa 24Z 
of thair avarag* valua at that taaparatura whila tha axial strains had a 
28X apraad. Thara was no particular order to ch* cycling data in aithar 
caaa. Tablas 7 and 8 suaaMriaa tha l*aac>squar*s coafficiants for tha 
two strain axaaura?. 

R^ox Tanparatura to 315*C Cvcla Raaulta 

For tasting in tha higher tanparatura range, a slightly different 
procedure was us«l. The main diffar.(ncas ware that all thraa specimens 
ware tasted at once, to shorten the required oven time, and, as mentioned 
earlier, the speciiMns were eimply supported on each end with gravity 
holding the s^tecimens against tha supports. In addition, the heating 
rates ware slit^htly faster chan for the low temperature range. The 
titanium silicate was again positioned near the specimens. For these 
higher temperature tests, difficulties weie encountered with the strain 
gaging. The results were erratic readings and generally unreliable 
data. These problems occurred most frequently with the graphlte'^olylmide 
specimens although there were soma problems with tha gaging on the 
titanim silicate. Because of these problesu, the data for RT->315*C was 
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not as abundant nor was it fait to be as reliable. For each specimen 
there was only one back-to-back pair of gages monitored and not all of 
these worked continually. It might be pointed out the troubles were 
I I felt to be associated with the 315*C temperature extreme. Cycling to 

260*C or even 290*C would probably not have been as difficult as the 
final increment to 31S*C. 

Three cycles from RT to 315*C were conducted on all three specimens. 

By the third cycle, there was no output from several of the gages and 
examination of the data on the second and third cycle indicated rather 
erratic results. At this point the strain gages on the graphite-polyi- 
mide specimens as well as those on the titanium silicate were closely 
examined. Several of the electrical connections on the gages were loose 
and the backings on several of the gages were cracked. The faulty gages 
were replaced and loose connections repaired and the testing continued. 

As a result of these three cycles, the ‘first cycle for which reliable 
data was obtained was actually the fourth RT-313*C cycle. In addition, 
if the cycles used to cure the strain gage adhesives are included, there 
were six cycles of the lower range and four cycles rt the higher range 
before reliable data at the higher temperature was taken. However, the 
five data-gatherlng cycles will be referred to as cycles 1-5. 

Response of Gages on Titanium Silicate 

Again, to Judge the output of the gages on the graphite-polyimide 
specimens, it was important to assess the effects of repeated heating 
and cooling on the gages themselves. Figures 36-60 show the apparent 
strain, due to thermal effects, for the five RT-315® cycles. The re- 
sults show the gage output was not as consistent for the higher-temperature 
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rang* as It vas for th* lowar camparatur* ranga. In addition, as 
Bentionad aarliar, tha hystaretic affacts wars opposite those for the 
low tamparatura cycles. The apparent strain for heating was always 
greater in magnitude that tha apparent strain for cooling. Figure 61 
shows the least-squares cubics fitted through the data for the five 
cycles while Table 9 shows the coefficients of the cubic equations. 

These gages, although the same type, were not the same ones as used for 
the low temperature cycles. Figure 61 indicates there was more scatter 
for the five cycles at RT-315*C than for the 15 cycles at RT-180*C. The 
scatter in the least-squares curves at 315*C was 8.4Z of the average 
value at that temperature. There was evidence, though not strong, of 
some trend from cycle to cycle. . The apparent strain at a given temper- 
ature seesied to decrease over the cycles. 

Flat [0|] Laminate 

Figures 62-66 show the raw data for the five cycles of the matrix- 
direction thermal strain. The somewhat scattered behavior of the data 
on the first cycle was similar to the behavior of the data on the previous 
three cycles when the faulty gages and electrical connections were 
discovered. However, close Inspection produced no evidence of faulty 
strain gages and so testing proceeded. The remaining four cycles did 
not appear as scattered. Figure 67 shows the five least-squares matrix 
direction thermal strains. The scatter of the data at 315*C was 7.4% of 
the average value at that temperature. No trends were evident but the 
scatter was twice the scatter for the lower temperature cycling. How- 
ever, since the scatter was under 10%, the data was felt to be reliable. 
Table 10 lists the coefficients associated with each cycle. 

For the gages mounted in the fiber direction, the output was quite 
erratic. In view of the fact the strains were expected to be small, it 
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v«8 felt the erratic data would lead to neanlngless results for fiber- 
direction thermal strains. Thus, recording of the output from these 
gages was terminated. 

Curved [0^/90^] Laminate 

As with the lower temperature range testing of the curved laminates, 
the experimental results for the higher temperature range testing were 
compared with a piecewise-llnear theory. For thermal expansion proper- 
ties of a single lamina, the matrix-direction thermal expansion from the 
just-described RT-315*C flat laminate tests was used and the polynomial 
for the RT-180*C fiber-direction tests was extended to provide fiber- 
direction Information to 315”C. The value of was again assumed 
constant but £^2 vas assumed to decrease by 25% at 232**C, 35% at 260*’C 
and 50% by 315®C. The decrease from RT-180®C was the same as used 
previously while the decrease from 180‘’C to 315°C was assumed to take 
place In 11 temperature Increments. 

Figures 68 and 69 show the thermally Induced bending strains vs. 
temperature for the first two of the five high temperature cycles. As 
mentioned previously, only one back-to-back gage pair was used for the 
high temperature tests and during the third cycle, one of the two gages 
failed to operate. It became apparent the extreme temperatures made it 
difficult to obtain reliable information from the strain gages. Figures 
70 and 71 show the thermally induced axial strain from these first two 
cycles. Figure 72 shows the least-squares relations for the two cycles 
in addition to the theoretical predictions. Figure 73 shows similar 
results for the axial strains. The correlation between theory and experi- 
ment was not as close as for the lower temperature cycling. Even with just 
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two cyclss, th« spread between the first and second cycles was signi- 
ficant. For the bending strains, the spread at the maximum temperature 
was 23Z of the average value while for the axial strains, at 1S0*C, 
the spread was 12Z of the average. Tables 11 and 12 indicate the coef- 
ficients of the polynomials for the least-squares experimental bending 
and axial strain vs. teaperature relations. 

Curved [O 2 / 9 O 2 ] Laminate 

Uhile in the fourth cycle of the higher temperature testing, one of 
the back-to-back gages on the thinner curved laminate open-circuited and 
as a result, only three cycles of data were obtained for that laminate. 
Figures 74-76 show the three cycles of benaing strain data while Figs. 

77-79 show the three cycles of axlel strain data for the thinner curved 
laminate. Apparent in the first cycle was the large permanent set as the 
specimen cooled. However, in the second and third cycles this situation 
did not appear. The Interior of the oven was illumlTnated and the thin 
curved laminate was observed closely to detect any snap-through. None 
was observed and so the behavior of the thinner laminate was still a puzzle. 
Figure 80 summarizes the least-squares curves passed through the bending 
strain data and also shows the theoretical predictions. The correlation 
was poor although at higher temperatures the experimental data and the 
theory paralleled each other. The same was true of the axial strain 
measurements and predictions as shown in Fig. 81. At 315 ‘C the bending 
strain data had a spread of 15% of its average value while the axial 
strain spread was 31%. Tables 13 and 14 present the coefficients for 
the experimental bending strains and axial strains, respectively. 

Combined Results 


Of particular interest was the comparison between the results of the 
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high and low temperature range cycling. To compare the reaulta, the 
high and low range experimental data for the bending and axial strain 
response of the various specimens were plotted on the same coordinate 
system. 

Response of the Gages on Titanium Silicate 

Since there were different gages on the titanium silicate, due to 
regaglng, for the high temperature range cycles and the low temperature 
range cycles, a different apparent strain response was expected. 

However, as a matter of Interest, the two sets of apparent strain re- 
sponse are plotted on a comaon coordinate in Fig. 82. 

Flat [0|] Laminate 

Figure 83 shows the thermal strain in the matrix direction for both 

the high and low temperature cycles. There appeared to be a difference 

« 

In the overall slope for the two temperature ranges. Using a graphical 
approximation on the dati, there appeared to be roughly a 10% difference 
in the overall slopes between the two temperature ranges. One explana- 
tion for the difference is as follows: the least-squares curves are an 

average of the heating and cooling strains at a given temperature. Hy- 
steresis accounts for the differences between the two strains. During 
heating, the strains for the two temperature ranges were the same but, 
because of the higher temperature, the hysteresis loops were larger for 
the high temperature cycles. The cooling strains were thus lower, due 
to Increased loop size, and the average was biased downward more for the 
higher temperature data than for the lower temperature data. 

Curved [0^/90^] Laminate 


Figure 84 shows the least-squares bending strains for both tempera- 
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tur« rangt cyclM. It Is interesting the two scattered high temperature 
cycles straddled the well-behaved low temperature cycles. Figure 85 
displays the axial strains for the two temperature ranges. Again, the 
high temperature cycles bracketed the low temperature data. It should be 
mentioned the theory used for the high temperature cycles reflected 
the lOX difference between high and low temperature cycling overall slopes 
for the matrix direction thermal strain-temperature relation. Thus the 
high and low temperature theories, not shown together, were slightly 
different. 

Curved [0|/902l Laminate 

Figure 86 shows the bending strains for the high and low tempera- 
ture cycles. The two sets of data followed the same general trends better 
than the bending strains of the 8-layer specimen. The axial strain 
comparison Is shown In Fig. 87 and it appears the axial strains for thje 
high temperature cycles were smaller than for the low temperature cycles. 
Although the correlation with the theory was poor for the thin specimen 
for both the high and low temperature cycling, experimental data from 
that specimen for the two temperature ranges were consistent. 

Discussion of the Results 

It seems appropriate to discuss the results in terms of the low 
temperature tests, the high temperature tests and then make some comments 
on the combined results. 

Because of the stability and reliability of the strain gages during 
the RT-180"C cycling, the data from that series of tests is felt to be 
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quit* accurut*. Th« gage* nountad on tha tltaniua silicate indicated 
rapaatibillty and each gaga on the titanium slllcata showed simlliar 
behavior. The thermal daformatlon-tamparatura relations arc felt to 
accurately represent the behavior of graphltc-polyimldc laminates under 
the conditions of no mechanical load and repeated thermal load. It is 
apparent at a given temperature, the strain or deformation is a function 
of whether the laminate is being heated or cooled. The titanium silicate 
strain gage responses showed much less hysteresis than the gages mounted 
on the graphlte-polyifflide, indicating graphlte-polymide exhibits hysteresis 
when heated and cooled. 

For the flat specimen in the matrix direction, the scatter of the 
strains at the maximum temperature was comparable with the scatter in 
the measurements on the titanium silicate. Thus a meaningful tempera- 
ture-dependent CTE for the matrix direction can be determined by dif- 
ferentiating the least-squares polynomial. In the fiber direction, 
the thermal strain measurements were not as reliable but certainly indi- 
cate the order of magnitude of the strains. From the data it was sur- 
prising to find the CTE in the fiber direction varied so much with 
temperature. In the matrix-direction, a constant CTE would be an excel- 
lent first-approximation. 

The 8-layer curved specimen behaved much as the theory predicted 
and the temperature-strain relation could veil be approximated by a 
straight line. However, the nonlinearity that was present was predict- 
able. The scatter of data was the same order as the scatter on the 
titanium silicate and thus is felt to be reliable. 

The behavior of the 4-layer specimen was not as predictable nor was 
the behavior from cycle to cycle as consistent as for the thicker 


24 


eurv^ laainatt. Th«r« was no obvious dlffsrsncs in the experiments! 
set-up or the nicrostructure of the Isminste compared to the 8-lsyer 
specimen. Perhaps four layers are not enough for classical lamination 
theory to be valid since for this case, half the layers are boundary 
layers and the other tvo layers are adjacent and have radically dif- 
ferent properties in a given direction. The so-called laminate strain 
may not have had enough layers to develop. An extension of lamination 
theory was developed which allowed different transverse shear strains in 
each layer. The axial and bending strain of the outer layers (where the 
strain gages are mounted) depended on the first spatial derivative of 
the shear deformation. Except for possibly the ends of the beams, the 
shear deformations were constant along the length. Thus the shear con- 
tributed nothing to the bending and axial strain measures. Because of 
the experimental results obtained, it seems more work needs to be done. 

a 

theoretically and experimentally, with thin laminates. 

Generally speaking, the data from the high temperature cycling was 
not as reliable as the data from the low temperature cycling. Thus firm 
conclusions caimot be drawn. However, again there was evidence the 
strain depended on whether the specimen was being heated or cooled. The 
scatter of the data from the titanium silicate was larger than for the 
low temperature tests but was still under lOZ. This is significant 
because it indicates some degree of repeatlblllty and stability of the 
gages themselves at the high temperatures. 

For the flat specimen, in the matrix direction, the scatter of the 
data was also less than lOZ. This results in useful CTE information In 
the matrix directions at high temperatures. Meaningful data in the fiber 
direction can only be obtained with a higher resolution technique such as 
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later fcroMtry. 

The 8-leyer curved lemlnete behaved i?ore erreticelly during the 
high temperature cycling then during the low temperature cycling. It Is 
interesting to note the theoretical results Indicated a slight reversal 
of curvature for the bending strain>tamperature relation. This was due 
to an interaction between a softening 11^2 changing CTE's as the 

temperature Increased. There was considerable spread in the data from 
the two cycles although the axial strains were more consistent than the 
bending strains. Based on the troubles with the gages mounted on the 
graphlte-polyimide, as opposed to those mounted on the titanium silicate, 
the data should be viewed with caution. 

During the high temperature tests, the 4- layer curved laminate 
behaved In much the same manner as in the low temperature tests. Some 
unaccounted-for mechanism caused wide deviations from theoretical pre- 
dictions. In addition, strain gage problems probably contributed to 
much of the data scatter from run to run. 

One of the issues to be addressed in the study was the effects of 
maximum temperature. The effects could be assessed by comparing data 
from the two cycling temperatures. Unfortunately the issue of relia- 
bility of the measurements for a majority of the high temperature 
cycles limits the conclusions which can be drawn regarding the effect of 
maximum temperature. The flat specimen behaved similarly for both 
temperature ranges. The 8- layer specimen exhibited considerable scatter 
although the high temperature results bracketed the low temperature 
results. For the thinner specimens, the higher temperature data showed 
a slightly different overall temperature-strain relation manifested by 
what could be considered differences in overall slopes to the relation. 
Fr<mi all this, however, there is no reliable evidence to support any 
hypothesis. 
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Concluding R«amrk» 

Ovgrall, it it ftlt tht txptrliMneal rttulct from th« low ttmpert- 
turt ttttt wtrt sound. It ctn bt ttid that in the tenpertture range 
20*-180*C, (1) for a given temperature, the thermal deformation depended 
on whether the apecimen was being heated or cooled, (2) there waa no 
evidence to indicate, using strain gages, thermal cycling affected the 
temperature-thermal deformation relation from one cycle to the next and, 
(3) for the thicker curved apecimen, lamination theory predicted the 
response. Why the A- layer specimen behaved the way it did is another 
issue. The results from the majority of the high temperature tests are 
open to question, at least from a quantitative aspect. The use of 
strain gages on composites at these temperatures is questionable. At 
the temperature extremes used, the gage adhesive may soften, there may 
be localized softening of the matrix near the gage and the resistivity 
of the electrical connections may change. In addition, large strain 
levels can be experienced with composites and this coupled with high 
temperatures may put a severe burden on the gage bond. It is felt much 
work needs to be done on strain gages as they are applied to composites, 
in particular, high temperature composites. In lieu of this, optical 
methods of measuring deformations should be explored as should the 
notion of using microcomputers to control the thermal cycling and acquire 
the data. In this way, high quality, long duration testing can be 
conducted conveniently. 
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Table I 


Room Tas^araturo Out-of-Plana Diaplacaaanca 
of Curved Spaclaena 

Wq - Cq C^X + CjX^ + CjX^ 


4-Layar Specimen 


<=0 


‘'2 

*'3 


.559E-01 

. 766E-03 

.114E-03 

a 

-.576E-06 

-76 £ X £ + 76 





W, X in mm 

.219E-02 

. 756E-03 

.289E-01 

-.370E-03 

-3 < X < + 3 


8-Layer Specimen 


.964E-02 


.380E-03 


-.425E-02 


-.425E-02 


. 105E-02 


.268E-01 


-.780E-07 


-.503E-04 


•76 < X ^ + 76 
W, X in mm 
•3 < X < + 3 


W, X in in. 
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Table 2 


Apparent Strain ve Teaperature for 
Gagee on Tltaniua Silicate, 
RT-180*C 


e 

apparent 


+ C^T + C^T 


c^r 


Cycle No. 


<=1 

<=2 


1 

192.9 

-6.733 

-.03869 

. 5361E-04 

2 

215.01 

-7.669 

-.02992 

.2653E-04 

3 

227.4 

-9.0J3 

-.01551 

-.1652E-04 

4 

255.3 

-8.778 

-.01878 

-.8345E-04 

5 

196. 1 

-6.682 

-.03768 

.4296E-04 

6 

293.1 

-8.621 

-.01807 

-.1492E-04 

7 

211.3 

-7.460 

-.03189 

. 3222E-04 

8 

192.7 

-7.189 

-.03569 

.4588E-04 

9 

217.0 

-7.633 

-.02993 

.2619E-04 

10 

178.4 

-7.506 

-.03084 

. 2500E-04 

11 

206.2 

-7.118 

-.03396 

.3267E-04 

12 

107.3 

-7.605 

-.02982 

.2150E-04 

13 

201.6 

-7.571 

-.02935 

.1710E-04 

14 

161.5 

-6.514 

-.0407 

.5329E-04 

15 

141.9 

-5.935 

-.04178 

.4764E-04 



f 
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T«blt 3 

Th«rmal Exp«ntion of Fl«c [0|] laminae* in Matrix Dir«ccion, 

RT-180*C 

Sh.r«al • S * * ^2^' 


Cycl* No. 

o 

o 

^1 

^2 

1 

-944.7 

28.23 

.01151 

2 

-725.3 

23.95 

.02876 

3 

-793.1 

25.43 

.02276 

4 

-653.0 

23.11 

.03064 


5 


1108.0 


27.30 


.01737 












Table 4 

Thermal Expansion of Flat (0|] Laminate In Fiber Direction, 

RT-180*C 

thermal ' '=0 * V * '=2^^ 


Cycle No. 

^0 


^2 

1 

25.81 

-..8440 

.005345 

2 

15.75 

-.3275 

.002562 

3 

18.84 

-.4174 

.003067 

4 

19.59 

-.4368 

.003067 

5 

14.45 

-.5323 

.003526 
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Table 5 

Thermal Bending Strain vs Temperature for 
Curved (0^/90^] Laminate, 

RT-ISO-C 


'thermal 

bendins 


Cq + Cj^T + C2T 




"1 

S 

-342.16 

9.868 

.005811 

-344.27 

10.62 

.002370 

-368.4 

11.54 

-.001953 

-284.85 

9.496 

.007645 

-304.7 

9.129 

.009722 



Table 6 

Thermal Axial Strain vs Temperature for 
Curved [0^/90^] Laminate, 

RT-180*C 


'thermal 

axial 


Cg + Cj^T + C2T 
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Table 7 


Thermal Bending Strain vs Temperature for 
Curved [O2/9O2] Laminate, 

RT-180*C 


Sherml • <=0 * 
bending 


Cycle No. 



^2 

1 

-63.28 

1.0960 

,01164 

2 

-34.64 

0.5975 

.01388 

3 

-45.67 

0.6842 

.01380 

4 

-153.00 

1.8670 

.00690 

5 

-168.90 

1.7110 

.01160 


Table 8 


Thermal Axial Strain vs Temperature for 
Curved [0®/902l Laminate, 

RT-180°C 


£ 

thermal 

axial 


n 

Cq + + C,T" 


Cycle No. 


"1 

^2 

1 

-121.7 

2.300 

.01290 

2 

-68.48 

2.044 

.01456 

3 

-76.96 

1.878 

.01544 

4 

-244.1 

3.189 

.007302 

5 

-213.8 

2.237 

.01334 
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Table 9 


^parent Strain vs Temperature for 
Gages on Titanium Silicate, 
RT-315"C 


apparent 


Cq + Cj^T + C2T^ + C^T^ 


Cycle No. 


^1 

^2 

s 

1 

209.7 

-5.864 

-.03714 

. 4585E-04 

2 

221.1 

-6.970 

-.02855 

. 2915E-04 

3 

217.9 

-8. 365 

-.01281 

. 8956E-07 

4 

262.2 

-9.80:. 

-.00254 

-.1633E-04 

5 

271.8 

-10.26 

.00266 

-.2893E-04 


Table 10 

Thermal Expansion of Flat [0®] Laminate in Matrix Direction, 

RT-315®C 


1 = + C,T + C„T 

thermal 01 2 


Cycle No. 


"l 

^2 

1 

-622.9 

19.63 

.02506 

2 

-702.0 

22.62 

.02167 

3 

-678.3 

22.22 

.02024 

4 

-605.7 

20.88 

. 02005 

5 

-558.3 

20.12 

.02376 
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Table 11 


Thermal Bending Strain vs Temperature for 
Curved [0^/90^] Laminate • 

RT-315*C 


^thermal 

bending 


C« + 


Cj^T + 


C2T 


Cycle No. 


"l 

^2 

1 

-289.8 

8.310 

. 008849 

2 

-258.3 

8.740 

.01574 


Table 12 


Thermal Axial Strain 
Curved [0®/90® 

RT-315*C 


vs Temperature for 
] Laminate , 


^thermal 

axial 


+ C^T + €2!^ 


Cycle No. 


^1 

C-, 

a. 

1 

-240.1 

6.198 

.006753 

2 

-309.2 

9.2627 

-.002175 
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Table 13 


Thernal Bending Strain vs Temperature for 
Curved [O 2 / 9 O 2 ] Laminate 

RT-315*C 


Sh.r«X ■ '0 ♦ V + =2^' 
bending 


Cycle No. 

S 



1 

-.7424 

-1.554 

.02192 

2 

-10.107 

.3103 

.01739 

3 

27.2 

-.5090 

.1765 


Table 14 


Thermal Axial Strain vs Temperature for 
Curved [O 2 / 9 O 2 ] Laminate 

RT-315*C 

'th.r.»l - % * * = 2 "' 

axial 


Cycle No. 



. C 2 

1 

-50.15 

.3906 

.01208 

2 

-73.9 

2.254 

.00800 

3 

-8.607 

.8088 

. 008064 
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Fig. 4 Apparent Strain vs. Temperature, RT-180°C, 
Cycle 1 
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6 Apparent Strain vs. Temperatur'*, 
RT-180°C, Cycle 3 
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Fig. 7 Apparent Strain vs. Tenperaturc, 
RT-ISO^C, Cycle 4 
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Fig. 8 Apparent Strain va. 
RT-180®C, Cycle 5 
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Fig. 9 Apparent Strain vs. Temperature, 
RT-180°C, Cycle 6 
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Fig. 12 Apparent Strain vs. Temperature 
RT-180°C, Cycle 9 
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13 Apparent Strain vs. Temperature, 
RT-180^C, Cycle 10 
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Fig. 15 Apparent Strain vs. Temperature, 
RT-180°C, Cycle 12 
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Fig. 17 Apparent Strain vs. Temperature, 
RT-180°C, Cycle lA 
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Fig, 18 Apparent Strain vs. Temperature, 
RT-180°C, Cycle 15 
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Fig. 20 XherTiial Expansion of [Og] Laminate in Matrix 
Direction RT-180°C, Cycle 1 
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Fig. 21 Thermal Expansion of [Oq] Laminate In Matrix 
Direction, RT-180°C, Cycle 2 
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Fig. 23 Thermal Expansion of [0«] Laminate in Matrix 
Direction, RT-180°C, Cycle 4 
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Fig. 24 Thermal Expansion of [Og] Laminate in Matrix 
Direction, RT-180°C, Cycle 5 
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Fig. 26 Thermal Expansion of [Oq] Laminate in Fiber Direction 
RT-180 C, Cycle 1 ® 
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Fig. 28 Thermal Expansion of [Og] Laminate in Fiber Direction, 
RT-180°C, Cycle 3 
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Fig. 29 Thermal Expansion of [Op] Laminate in Fiber Direction, 

- ^ / t) 


RT-180 C, Cycle 4 
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Tiiermnl Expansion of [^^g] Eaminaio In Fiber Direction 
RT-1 30*^0, Least-Squares Fit, All 5 Cycles 
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Fig. 32 Thermal Bending Strain, [0?/90^] Laminate, 
RT-180 C, Cycle 1 
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Thermal Bending Strain, [0?/90^] Laminate, 
RT-180 C, Cycle 2 
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Fig. 34 Thermal Bending Strain, [0?/90°] Laminate, 
RT-180 C, Cycle 3 
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Fig. 35 Thermal Bending Strain, [0?/90 
RT-180 C, Cycle 4 
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Fig. 36 Thermal Bending Strain, [0?/90°] Laminate, 
RT-180 C, Cycle 5 ^ 
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Fig. 39 Thermal Axial Strain, 
RT-180°C, Cycle 3 
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Fig. 40 Thermal Axial Strain, [0?/90?] Laminate 
RT-180°C, Cycle 4 
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Fig. 41 Thermal Axial Strain, [0?/90?] Laminate, 
RT-180°C, Cycle 5 
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Fig. 43 Least-Squares Thermal Axial Strains and Theoretical 
Prediction, [0°/90°] Laminate, RT-180 C 
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Fig, 45 Thermal Bending Strain, [0°/90°] 
RT-180 C, Cycle 2 
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Fig. 46 Thermal Bending Strain, [0-/90-] Laminate, 
RT-180 C, Cycle 3 




nnpiMTutf* e 


Fig. 48 Thermal Bending Strain, [0?/90^] Laminate, 
RT-180°C, Cycle 5 ^ 


85 


\ 



I T 1 I I I I r^f I T T 1 r I I I T I 


• M IM IM 8M 8M 3M 3i« 

TcnraiATURC. e 

Fig. 49 Thermal Axial Strain, [0°/90p Laminate, 
RT-180 C, Cvcle 1 
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Ti,:nnal Axial Strain, [0^/90°] Lawinate 
R1-180°C, Cycle 2 " 
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Fig. 52 Thermal Axial Strain, [0»/90«] Laminate, 
RT-180°C, Cycle 4 
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Fig. 53 Thermal Axial Strain, Laminate, 

RT-180°C, Cycle 5 











I I I I 


1 — m — pT — I 1 I I I 

IM 1S9 




8M 2S« 3M 
TCIWATURC, C 


Fig. 58 Apparent Strain vs. Temperature, RT-315 
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Fig. 60 Apparent Strain vs. Temperature, RT-315°C, 


Cycle 5 
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Fig. 61 Apparent St 
Squares Fit 
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Fig. 62 Thenul Expanilon of [Op] Laminate in Matrix Direction, 
RT-315 C, Cycle 1 
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Fig, 65 Thermal Expansion of [0°] Laminate in Matrix Direction, 
RT-315^C, cycle 4 
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Fig. 66 Thermal Expansion of [Oq] Laminate in Matrix Direction, 
RT-315®C, Cycle 5 
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Fig. 67 Thermal Expansion of [Og] Laminate in Matrix Direction, 
RT-315°C, Least Squares Fit, All 5 Cycles 
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Fig. 68 Thermal Bending Strain, [0?/90?] Laminate, 
RT-315°C, Cycle 1 
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Thermal Bending Strain, [0?/90?] Laminate, 
RT-315°C, Cycle 2 


Fig. 69 
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Fig. 70 Thermal Axial Strain, [0?/90°] Laminate. 
RT-315*C. Cycle 1 ‘ ‘ 
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. 71 Thermal Axial Strain, [0^y90p Laminate, 
RT-315°C, Cycle 2 



Fig. 72 Leasc>^quares Thermal Bending Strains and Theoretical 
Prediction, [0°/90®3 Laminate, RT-315°C 
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Fig. 73 Least-Squares Thermal Axial rains and Theoretical 
Prediction, [0^/90^] Laminate, RT-315°C 
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Fig. 74 Them*! Ber'«lng Strain, [0^/90°] Laminate, 
RT-315°C, Cycle 1 ^ ^ 
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Fig. 76 Themal Bending Strain, [o9/90°] Lanlnate, 
RT-315 C, Cycle 3 ^ ^ 
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Fig. 77 Thernal Axial Strain, [0^/90*^] Laminate, 
RT-315 C, Cycle 1 “ * 
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Fig. 78 Thermal Axial Strain, [0«/90?] Laminate, 
RT-315°C, Cycle 2 
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Fig. 79 


Thermal Axial Strain, [0°/90°] Laminate 
RT-315"C, Cycle 3 ^ ^ 
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Axial Strain, X 10 
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Fig. 81 Least-Squares Thermal Axial Strains and Theoretical 
Prediction, [O 2 / 9 O 2 ] Laminate, RT-315°C 
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Fig. 83 


Comparison of Least-Squares Matrix Direction 
[op Laminate, RT-180°C and RT-315°C 


Strains. 
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Fig. 85 Comparison of Least-Squares Axial Strains, 
[0j/90p Laminate, RT-180°C and RT-315 C 
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Fig. 86 Comparison of Least*Squares Rending Strains, 
[0°/90p Laminate, RT-180°C and RT-315°C 
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Fig. 87 Comparison of Least-Squares Axial Strains 
[0°/90°] Laminate, 81-180*^0 and RT-315°C 




